The Chemopreventive Effects of Saussurea salicifolia through Induction of Apoptosis and Phase II Detoxification Enzyme
C-NMR spectroscopy. Cell Culture Human gastric adenocarcinoma AGS cells and mouse hepatoma Hepa 1c1c7 cells were obtained from the American Type Culture Collection (Rockville, MD, U.S.A.). AGS cells were maintained in Ham's F-12 medium (Welgene, Daegu, Korea) supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, U.S.A.), 100 units/ml of penicillin and 100 mg/ml of streptomycin. Hepa 1c1c7 cells were cultured in a-Minimum Essential Medium (a-MEM, Logan, Hyclone, UT, U.S.A.) supplemented with 10% FBS, 100 units/ml of penicillin and 100 mg/ml of streptomycin. These cells were maintained at subconfluence in a 95% air, 5% CO 2 humidified atmosphere at 37°C.
MTT Cell Proliferation Assay The cell proliferation was evaluated by using the Cell Counting Kit (CCK-8) produced by Dojindo Laboratories (Tokyo, Japan). In brief, AGS cells (5ϫ10 3 cells per well) and Hepa 1c1c7 (1ϫ10 4 per well) cells were plated onto 96-well plates, incubated at 37°C for 24 h, and the cells were treated with the various concentrations of the extract, fractions and compounds acquired from S. salicifolia. After 24 h of treatment, 10 ml of CCK-8 solution was added to the wells, and incubation continued for another 1 h, and then absorbance at 450 nm was measured by using a PowerWave TM XS Microplate Spectrophotometer reader (Bio-Tek Instruments, Winooski, VT, U.S.A.). We dissolved the extract, fractions and compounds in dimethyl sulfoxide (DMSO). The survival (%) was calculated as the percentage of the absorbance at 450 nm of chemical-treated cells and vehicle control cells treated with only DMSO.
Flow Cytometric Analysis of Alteration of Membrane Symmetry To evaluate the apoptotic cell death, flow cytometric analysis was performed after staining with fluoresein conjugated annexin V and propidium iodide (PI) by using Annexin-V-FLUOS Staining kit (Roche, Mannheim, Germany) according to manufacture's instruction. Briefly, AGS cells (5ϫ10 5 ) were seeded on 60 mm dishes and incubated at 37°C for 24 h, and then either 30 or 60 mg/ml of the extract were treated and incubated for an additional 24 h. Both floating and adherent cells were harvested by trypsinization, and the prepared cells (1ϫ10 6 ) were washed with Dulbecco's phosphate buffered saline (DPBS). The cells were resuspended in 100 ml of binding buffer, which already mixed with 2 ml of annexin V-fluorescein and 2 ml of PI. After 15 min incubation at room temperature, they were analyzed by using FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, U.S.A.).
Flow Cytometric DNA Content Analysis AGS cells (2.5ϫ10 5 ) were seeded on 60 mm dishes, and incubated at 37°C for 24 h, then the various concentrations of the extract and compounds acquired from S. salicifolia were treated and incubated for additional 24 h and 48 h. Both detached and adherent cells were collected by trypsinization, and the prepared cells were washed with DPBS, then fixed in 70% ethanol at Ϫ20°C for at least 24 h. The cells were then washed with DPBS, and stained in DPBS containing 20 mg/ml of RNase A and 40 mg/ml of PI for 20 min at room temperature. The fluorescence intensity of the stained cells was measured by using FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, U.S.A.), and the data were analyzed by using CellQuest Pro and ModFit LT V3.0 software. For every measurement, 20000 events were collected, and gating was set to exclude cell doublets. In case of analysis using Modfit LT 3.0 software, the percentages of each phase in the cell cycle was calculated after correction of debris and aggregate populations.
Morphological Change and Chromatin Condensation Measurement The AGS cells were treated with either 30 or 60 mg/ml of the extract for 24 h, and the cellular morphology was examined using inverted light microscope, Nikon TE2000U with differential interference contrast (DIC) module (Nikon, Kanagawa, Japan). The chromatin condensation was assessed through Hoechst 33258 staining method. After AGS cells were treated with either 30 or 60 mg/ml of the extract for 24 and 48 h, both floating and adherent cells were collected by trypsinization. The cells were then washed with DPBS, and fixed in 70% ethanol at Ϫ20°C for at least 24 h. Afterward, the cells were washed with DPBS, and incubated in 500 ml of Hoechst 33258 (0.5 mg/ml) solution in DPBS for 20 min in darkness. The stained cells were visualized by using a fluorescent microscope, Nikon TE2000U (Nikon, Kanagawa, Japan). The morphological changes of AGS cells treated with cynaropicrin (1 to 5 mmol/l) and arctigenin (50 to 200 mmol/l) for 24 h were observed by using a phase contrast microscope, OLYMPUS CK40 (Olympus, Tokyo, Japan).
Quinone Reductase Assay The QR activity was measured as described previously 11) with minor modifications. Briefly, Hepa1c1c7 cells (1ϫ10 4 cells per well) were plated onto 96-well plates and incubated for 24 h, then the various concentrations of the extract, fractions and compounds were treated and incubated for an additional 24 h. Sulforaphane (2.5 mM) was used as a positive control. The cells were rinsed with DPBS, lysed with 80 ml of 0.08% digitonin in 2 mM EDTA, incubated for 30 min at room temperature, and QR activity was measured using the cell lysate. A 200 ml of mixed solution [49 ml of 25 mM Tris buffer; 34 mg of BSA; 0.34 ml of 1.5% Tween-20 solution; 0.34 ml of thawed cofactor solution (150 mM glucose-6-phosphate, 4.5 mM NADP, 0.75 mM FAD in Tris buffer); 100 units of glucose-6-phosphate dehydrogenase; 15 mg of MTT, 3-(4,5-dimethylthiazo-2-yl)-2,5-diphenyltetrazolium bromide; and 50 ml of 50 mM menadione in acetonitrile] was added into a 50 ml aliquot of the cell lysates. Absorbance at 610 nm was measured for five times with 50 s apart, using a PowerWave TM XS Microplate Spectrophotometer microplate reader (Bio-Tek Instruments, Winooski, VT, U.S.A.). Protein content was also measured in a 20 ml aliquot of the cell lysate according to Bradford method 12) by using Bio-Rad Protein Assay kit (Bio-Rad, Hercules, CA, U.S.A.). The induction of QR activity was expressed as CD value, concentration required to double QR specific activity. The chemoprevention index (CI) is obtained by dividing IC 50 value with CD value. 13) 
RESULTS

Antiproliferative Activity of the Ethanolic Extract of the Aerial Part of S. salicifolia in AGS Cells
The ethanol extract of the aerial part of S. salicifolia showed a dose-dependent cell growth inhibition in various human cancer cell lines according to our preliminary study (data not shown). The most potent antiproliferative activity of the extract was observed in human gastric adenocarcinoma AGS cells, with an IC 50 value of 30.22 mg/ml (Fig. 1A) .
The Ethanol Extract of the Aerial Part of S. salicifolia Induces Apoptosis in AGS Cells
In order to examine if this antiproliferative activity of the extract is due to apoptosis, we measured the translocation of phosphatidylserine from the cytoplasm to the extracellular side by means of annexin V-fluoresein and PI double staining assay. The early apoptotic cells (annexin V-fluoresein positive and PI negative, inversed phosphatidylserines without loss of the membrane integrity) were increased to 6.3-and 3.5-fold over the vehicle control at 24 h post-treatment of 30 and 60 mg/ml of the extract, respectively. The necrotic or late apoptotic cells (annexin V-fluoresein positive and PI positive, normal phos- phatidylserines with loss of membrane integrity) were increased to 2.9-and 19.0-fold over the vehicle control at 24 h post-treatment of 30 and 60 mg/ml of the extract, respectively (Fig. 1B) . We also examined the sub G0/G1 content (%), which is an indirect clue of apoptosis, by measuring DNA content labeled with PI using flow cytometry. We found that the treatment of 30 and 60 mg/ml of the extract for 24 h increased the sub G0/G1 contents for 2.0 and 2.2-fold, respectively, over the vehicle control. The increase of the sub G0/G1 content was more pronounced at 48 h of the treatments. They were increased to 2.9 and 6.3-fold over the vehicle control at 48 h post-treatment of 30 and 60 mg/ml of the extract, respectively (Fig. 1C) . We also investigated the cell cycle of AGS cells treated with 30 and 60 mg/ml of the extract, and the data were evaluated by Modfit LT 3.0 software with PI intensity as a linear scale c-axis. The treatment of the extract, however, did not induce any apparent cell cycle arrest at a specific phase (data not shown). We also observed that AGS cells underwent dramatic morphological change including membrane blebbing and apoptotic body formation in the cells treated with 30 mg/ml of the extract for 24 h ( Fig.  2A) . At treatment of 60 mg/ml of the extract for 24 h, the cells were started to detach from the bottom of culture plate forming the various sizes of the round shapes, and the apoptotic bodies were also formed but less frequently than the treatment of 30 mg/ml of the extract. We also examined chromatin condensation whish is one of the hallmarks during apoptosis (Fig. 2B) . The vehicle control showed normal nuclei with a misty and disperse fluorescence reflect the both of euchromatin and heterochromatin. In contrast, the AGS cells treated with 30 mg/ml of the extract for 24 h and 48 h had the highly condensed nuclei with the bright spherical beads and occasionally the crescent shape.
Antiproliferative Activity of the Compounds Isolated from S. salicifolia in AGS Cells To find out the major compounds for causing the antiproliferative and pro-apoptotic activity of the extract, we further performed a chemical purification, and seven major compounds were finally isolated. Seven major compounds were identified including a sesquiterpene lactone, cyanropicrin and three lignans (trachelogenin, matairesinol, arctigenin) and their lignan glycosides (tracheloside, matairesinoside, arctiin). Their chemical structures were identified by NMR spectroscopy as shown in Fig.  3 . Cynaropicrin, trachelogenin, matairesinol and arctigenin were isolated from the CH 2 Cl 2 fraction, the others were prepared from the AcOEt fraction. Arctiin presented in both CH 2 Cl 2 and AcOEt fraction at the similar proportion. Cynaropicrin and arctigenin among seven major compounds showed the most potent antiproliferative activity in AGS cells (IC 50 ϭ0.68 and 31.90 mg/ml, respectively) in a dose-dependent manner (Fig. 4) . While matairesinol and trachelogenin showed moderate cytotoxicity, tracheloside and matairesinoside showed no apparent cytotoxicity. Generally, aglycones are appeared to be more cytotoxic than their lignan glycosides against AGS cells.
Cynaropicrin and Arctigenin Induce Apoptosis in AGS Cells
We next investigated the proapoptotic activity of cynaropicrin and arctigenin in AGS cells, which showed the most potent cytotoxicity in AGS cells. Cynaropicrin at 5 mmol/l and arctigenin at 200 mmol/l induced an apparent apoptosis which increased the sub G0/G1 content (%) in a dose-and time-dependent manner in AGS cells. When the 
. Morphological Changes of AGS Cells Treated with the Ethanolic Extract of the Aerial Part of S. salicifolia (Barϭ20 mm)
(A) Differential interference contrast microscope images of AGS cells after treatment of 30 and 60 mg/ml of the extract for 24 h. The magnified pictures of an early apoptotic cell showing membrane blebbing and an apoptotic cell forming apoptotic bodies, which were observed in the treatment of the extract at 30 mg/ml, are also represented on the right side of the original picture. (B) Chromatin condensation was examined by using fluorescence microscope. AGS cells were treated with 30 and 60 mg/ml of the extract for 24 and 48 h, then stained with Hoechst 33258 to examine chromatin condensation by using fluorescence microscope. cells were treated with 5 mmol/l of cynaropicrin and 200 mmol/l of arctigenin for 48 h, the sub G0/G1 contents were greatly increased up to 13.5 and 22.7%, respectively (Figs. 5A, B). As a result of cell cycle analysis, treatment of cynaropicrin for any of 24 and 48 h induced a weak increase in G2/M phase accompanied by a decrease of G0/G1 cell population in a dose-dependent manner. The cells in G2/M (%) were increased to 2.0 and 3.1-fold over the vehicle control when the cells were treated with 5 mmol/l of cynaropicrin for 24 and 48 h, respectively (Figs. 5A, C) . Treatment of cynaropicrin at 5 mmol/l and arctigenin at 200 mmol/l also induced remarkable morphological changes such as membrane blebbing and formation of apoptotic bodies (Fig. 6) .
Quinone Reductase Induction of S. salicifolia in Hepa 1c1c7 Cells To evaluate the induction of phase II detoxification enzyme by the extract, fractions and compounds obtained from S. salicifolia, we measured induction of QR activity in Hepa 1c1c7 cells which is known to be a biomarker for cancer chemoprevention. We also measured cytotoxicity along with the QR activity so that we can calculate chemoprevention index (CI) values (Table 1) . CI value is a wellknown screening tool for finding potential chemopreventive agents and is defined as IC 50 value/CD value. 13 ) CD value means a concentration for doubling QR activity. The extract induced a dose-dependent cell growth inhibition in Hepa 1c1c7 cells, with an IC 50 value of 116.96 mg/ml, and the CD value was 17.79 mg/ml, leading to a CI value of 6.58. The AcOEt fraction among the all five fractions showed the most potent chemopreventive activity, with a CI value of 9.88. The CH 2 Cl 2 fraction among the fractions showed the highest QR activity, with a CD value of 2.34 mg/ml, however the CI value turned out to be low due to a strong cytotoxicity with an IC 50 value of 8.40 mg/ml. Arctigenin, trachelogenin and matairesinol among the seven major compounds exerted the potent chemopreventive effect showing a high QR activity with a low cytotoxicity. Cynaropicrin had a low chemopreventive effect due to the strong cytotoxicity in spite of the potent QR induction.
DISCUSSION
We found that the ethanolic extract of the aerial part of S. salicifolia as well as its compounds had cancer chemopreventive effects including antiproliferation, apoptosis and QR induction. The extract had a potent antiproliferative activity both in AGS cells and Hepa 1c1c7 cells, and it also induced an apoptosis at the concentration of 30 mg/ml. The extract at the concentration of 60 mg/ml increased the necrotic cell population in company with apoptotic cell population in AGS cells. Necrosis, as opposed to apoptosis is a nonspecific mode of cell death, often caused by excessively high concentrations of apoptosis inducing agents. 14, 15) The cynaropicrin and arctigenin among the seven major compounds showed the most potent antiproliferative activity as well as apoptosis in AGS cells. Thus, cynaropicrin and arctigenin are thought to be responsible for causing anti-proliferation and pro-apoptotic activity of S. salicifolia total extract in AGS cells. In this study, we evaluated the chemopreventive activity of the S. salicifolia extract and its major compounds according to their CI values which is defined as IC 50 value/CD value. Po- tential chemopreventive agents show high CI values resulted from strong QR induction with low cytotoxicity in mammalian cells. Although the CH 2 Cl 2 fraction caused the highest QR induction in the all five fractions, this fraction had a strong cytotoxicity resulting in the final chemopreventive activity was relatively low. The CH 2 Cl 2 fraction contained cynaropicrin, trachelogenin, matairesinol, arctigenin and arctiin as major compounds, and cynaropicrin could be responsible for the cytotoxicity (IC 50 ϭ0.68 mg/ml) of this fraction. Arctigenin, trachelogenin and matairesinol showed a potent chemopreventive activity, and the arctigenin showed the highest CI value among the 7 compounds tested. Since lignan glycosides are known to be converted to the aglycones by mammalian intestinal microflora, 16) the lignan glycosides tested in our study, which showed no cytotoxicity, might be converted to aglycones in vivo exerting better chemopreventive activity.
Cynaropicrin is known to have cytotoxic effect in various human cancer cell lines and induce apoptosis in leukocyte cancer cells. [17] [18] [19] In our study, cynaropicrin showed a dose dependent inhibition of cell proliferation in both human gastric adenocarcinoma AGS cells and mouse hepatoma Hepa 1c1c7 cells. Cynaropicrin at 5 mmol/l also induced an apparent apoptosis in AGS cells proved by the increase of the sub G0/G1 content (%) and apoptotic morphological changes. Cynaropicrin is also known to induce cell cycle arrest at G1/S phase in hydroxyurea synchronized leukocyte cancer U937 cells. 19) However, in this study, we were not able to find the G1/S phase arrest in AGS cells treated with cynaropicrin in the absence of synchronization. Instead, treatment of cy- naropicrin for any of 24 and 48 h induced a little increase in G2/M phase accompanied by a decrease of G0/G1 cell population in a dose-dependent manner. As a similar case, Saussurea lappa extract which contains costunolide as an active compound has been reported to induce G2/M arrest and apoptosis in AGS cells. 18) According to the previous reports, arctigenin has a cytotoxicity against to the various cancer cell lines, and induces apoptosis in leukemic cells and colorectal cancer cells in vitro. [21] [22] [23] [24] Arctigenin also has the ability to eliminate the tolerance of cancer cells to nutrient starvation, and therefore, has anti-tumor promoting activity in vivo. 25, 26) In our study, arctigenin showed a cytotoxicity against both AGS and Hepa 1c1c7 cells in a dose-dependent manner. Arctigenin at 200 mmol/l also induced an apparent apoptosis by showing the increase of the sub G0/G1 content and apoptotic morphology in AGS cells. We also found that, for the first time, dibenzyl butylactone plant lignans; arctigenin, trachelogenin and matairesinol present in S. salicifolia induced QR activity. Their metabolic form, mammalian lignan enterolactone is already known as a QR inducer in human colon cancer Colo205 cells. 27) Generally aglycones (trachelogenin, matairesinol and arctigenin) were more cytotoxic than their lignan glycosides (tracheloside, matairesionoside and arctiin) isolated from S. salicifolia against both AGS and Hepa 1c1c7 cells. Arctigenin among the lignan aglycones and lignan glycosides showed the most potent antiprolierative activity, and matairesinol and trachelogenin showed moderate cytotoxicity in AGS cells. In addition to cytotoxicity, aglycones also showed a stronger induction of QR compared to glycosides in Hepa 1c1c7 cells. This phenomenon is thought to be due to the difference of membrane permeability originated from the hydrophilicity of glucose connected by O-glycosidic bond. Although lignan glycosides are hydrolyzed to their aglycones by the b-glycosidase is widespread in mammalian intestinal microflora, 28, 29) membrane permeability of the lignan glycosides still important to explain the pharmacological activity in drug screening methods using in vitro cell culture system. We are currently investigating the membrane permeability and metabolism of lignans and lignan glycosides in various cell lines.
In conclusion, arctigenin alone or combination with other lignan compounds exerted chemopreventive effects including induction of phase II detoxification enzyme and of apoptosis in vitro cellular models. Based on these findings, we suggest that bioactive components of S. salicifolia may serve as potential chemopreventive agents in the prevention or treatment of human cancers. However, further in-depth studies including clinical trials are needed to fully evaluate the value of these active components for cancer chemoprevention.
